Starting from Nye's tensor, alternative characteristics of crystal curvature indicative of dislocation content are considered subject to very low thickness of investigated matter under the free surface and discreteness of orientation sampling. Analysis within the framework of continuum mechanics, undertaken to allow for such conditions peculiar to the electron backscatter diffraction (EBSD) technique, has shown the variable part of orientations expressed in a vector form to be most sensitive to lattice defects when projected to the free surface plane. Hence, as verified with EBSD data on a grain junction in a low deformed IF steel, magnitude of the projected field allows one to map plastic strains inhomogeneous within grains whereas divergence of this field distinctly images and quantifies low-angle dislocation boundaries formed at low strains.
Introduction
Electron backscatter diffraction (EBSD) [1] with a scanning step of the order of 0.1 μm is widely applied to crystalline materials since thus derived lattice orientations enable a panoramic mapping of microstructure (grains, twins, subgrains disoriented by several degrees, etc.) over representative areas. At the same time, exceeding the transmission electron microscopy (TEM) in this respect and in simplicity of preparation procedures, the conventional EBSD technique provides a modest angular accuracy of about 0.5°, tending to worsen in deformed materials, and hence cannot compete with TEM in imaging dislocation boundaries with lower angles of misorientation and, all the more, in discerning lattice dislocations. In order to mitigate these limitations, it was proposed to extract from EBSD data an appropriate characteristic of crystal curvature (orientation gradient) indicative of lattice defects rather than the orientation as such [2, 3] . Specifically, based on continuum theory of defects [4, 5] , a second order tensor α of dislocation density has been used that is curl of elastic distortion (sum of strain and rotation) often called Nye's tensor if elastic strains are neglected following [4] .
A geometrical sense of α is expressed by the equation
where N is a unit normal vector to any infinitesimal planar area dS, dB is the total Burgers vector of dislocations crossing this area, and "·" indicates the scalar product operation. Note that a mechanistic term α [cm -1 ] differs from its widely used physical counterpart ρ [cm -2 ] that expresses a true density of dislocation lines regardless of related Burgers vectors. A formal way to interrelate these similarly called characteristics [3, 4] is to decompose α into a series of dyadic terms (i = 1, 2, 3, …) ascribed to rectilinear dislocations with direction vectors q i :
where the Burgers vector densities B i specify continuous distributions of defects and the scalar densities ρ i related to Burgers vectors b i are used for isolated dislocations. It is worth noting, however, that usability of decomposition (2) is reduced by its uncertainty. Indeed, even at a fixed set of possible b i any given (experimentally determined) α may be realized by various selections of virtual vectors ρ i q i . Therefore, when corresponding geometrically necessary dislocations (GND) [6] should be distributed in bulk matter, one has to employ some more or less realistic assumptions. In particular, purely edge or screw rectilinear GND are often considered and certain families of them, satisfying (2) , are selected to have in all the least length and, consequently, energy [7, 8] . Let alone curved lines of real defects, such a selection is hardly justified because it neglects the energy of statistically stored dislocations (SSD) which may have a high physical density while giving no contribution to the net Burgers vector on the scale of EBSD scanning step. In the original application to grains of aluminum polycrystal [3] the curvature derived from EBSD data was imaged with both a measure of Nye's tensor,
and the corresponding GND density,
where nine families of rectilinear dislocations belonging to usual FCC slip systems were selected to undergo the maximum resolved shear stresses. Thus obtained images proved to be almost the same, both reflecting more refined features of dislocation substructure than usual orientation maps. On the one hand, such a fortunate similarity apparently evidenced for a sound potential of the dislocation density tensor in EBSD analysis. On the other hand, virtual decompositions of the experimentally determined α still remain questionable as strongly dependent on a priori assumptions. Anyway, according to numerical simulations [9] , additional computational expenses in deriving virtual GND families provide no advantage over immediate norms of tensor α. At the same time, although the latter is in a sense objective as directly derived from measured orientations [2, 3] , the respective substructure imaging is still affected by attendant artifacts as follows.
First, EBSD from planar sections does not completely correspond to bulk matter because elastic strains and rotations in a very thin diffracting layer are subject to the free surface effect. Besides, in determination of α as a curl of elastic rotation field [2, 3] , the gradient operation should be somehow extended to discrete data sampling and such a nontrivial step wants special consideration. Indeed, it is necessary to find a compromise between resolution and noise reduction by means of an appropriate selection (number and arrangement) of data points for each differentiation domain, while providing the best fit of respective continuous fields to the local discrete data. Moreover, since orientations are determined and may be differentiated only in the section plane, several components of α will remain uncertain [7, 8] . Meanwhile, whatever accuracy of the derived Nye's tensor, choice of its measure among possible alternatives [9] should be most indicative of lattice defects. It would be desirable as well to express such a measure directly in terms of EBSD orientation data thus avoiding time consumption and computation errors due to the preliminary restoration of α.
In the present paper, in order to analyze the abovementioned issues and to allow for related inaccuracy, a careful consideration in terms of continuum mechanics is carried out. On the one hand, this should improve treatment of the conventional EBSD data, still thought as unfit to discern fuzzy and low-angle dislocation boundaries formed at low strains [10] . On the other hand, although it may seem strange, such an analysis is not less actual for the recently developed high-resolution (HR) EBSD [8, 9, 11] that can detect small elastic strains of the order of 10 -4 , while providing previously unexampled angular accuracy of about 0.006° for crystal orientations. Really, in order to make use of so refined measurements and hence to justify the much more consumptive treatment of HR EBSD patterns, one should properly isolate dependence of determined quantities on inevitable experimental artifacts.
It is pertinent here to mention simplified scalar functions of orientation non-uniformity such as "kernel average misorientation", "grain average misorientation", etc., accessible with the commercial EBSD equipment [12] and allowing one to roughly map in grains a degree of lattice distortion and hence of accumulated plastic strain. Similar functions are beyond the scope of the present work since the desired imaging and quantification of low-angle boundaries formed at low strains necessitate a more rigorous analysis of crystal curvature in tensor terms. Nevertheless, corresponding in-grain maps of inhomogeneous plastic strains will be also considered as an auxiliary result of such an analysis.
The paper is organized as follows. First, appropriate terms and equations are introduced to analyze influence of experimental conditions on the apparent crystal curvature as derived from EBSD orientation data. Next, the effect of free surface is considered with discreteness of data sampling taken into account, and the most suitable scalar measure of the curvature to image dislocation substructures is selected on this base. Thereafter this measure is applied to relevant EBSD data on a low-deformed IF steel in order to reveal and quantify low-angle dislocation boundaries. In conclusion, the obtained result is considered and further applications of the proposed characteristic with both the conventional and high-resolution EBSD techniques are discussed.
Materials and methods
A measure of crystal curvature, simple in implementation when derived from EBSD data and most indicative of lattice defects, is considered in terms of continuum mechanics with allowance for long-range elastic fields existing within grains apart from their dislocation substructures. Findings by this analysis are verified with EBSD data previously employed when introducing the gradient matrix method [13] to process discrete orientations and, fortunately, relevant to the present work. To obtain these data, the conventional EBSD on SEM XL30 (Philips Electron Optics BV, Eindhoven, The Netherlands) with TSL software (EDAX Inc., Mahwah, USA) was applied to an IF steel completely recrystallized at 1300°C after cold rolling, slowly cooled to room temperature and then deformed up to 5% in tension on Instron 4505 (100 kN) testing machine (ITW Co., Glenview, USA). Sections for EBSD were prepared with electrochemical polishing in 15% perchloric acid-ethanol solution at -5°C. A scanning step and angular accuracy were 0.1 μm and about 0.5°, respectively. Among investigated microstructures, a particular area with a triple grain junction line almost normal to the section plane has been selected. More information on the experiments is available in [13] .
Theory
In order to consider in-grain lattice rotations determined by EBSD, relevant terms of continuum mechanics will be employed. First, it is gradient of displacement field also called distortion tensor
that has both the symmetric (strain) and skew (rotation) parts, respectively expressed as
The rotation expressed by Ω is also represented in a vector form
where E is the Levi-Civita tensor of the third order with non-zero components E 123 = E 231 = E 312 = -E 132 = -E 321 = -E 213 = 1, and ":" indicates the double scalar product operation. Elastic and plastic parts of the terms β, ε, Ω and ω, corresponding to total deformation, will be specified by respective superscripts as in
for example. According to continuum theory of defects [5, 14] , in case of compatible total deformation (continuity of deformed matter)
is satisfied so that whichever defects, formed by violation of similar equality for β 
where α is the previously mentioned dislocation density tensor. To get the deformation compatibility condition involving vector ω [14] , one should use the identity
following from expressions (5)- (7), where I is the second order unit tensor (I ij = δ ij ). As a result, when keeping in mind that any zero tensor of the second order has zero trace, equality (9) takes on form
Effect of free surface
Apart from local lattice rotations and strains associated with the dislocation substructure, there exist long-range elastic fields generated by inter-granular defects [15] . A possible confusion owing to this fact in treating EBSD data is schematically illustrated in Figure 1 . These fields, which are compatible over grain volumes and hence satisfy Eq. (12) rewritten in terms of ε el and ω el , deserve attention since they also contribute to local lattice rotations. Moreover, underlying effects of the grain interaction are most significant just at lower strains [16] when low-angle dislocation boundaries are fuzzy and particularly hard to reveal with EBSD.
Let us introduce a Cartesian system with axis Z normal to the section plane, accept denotations ∂f/∂x = f ,x , ∂f/∂y = f ,y , ∂f/∂z = f ,z , and apply Eq. (12) to ω el x first: 
where . Therefore, with a moderate grain size D≈10 μm, the considered derivatives in expression (13) Obviously, the same conclusion is valid for similar in-plane derivatives of ω . field may have comparable contributions from both lattice defects and long-range elastic rotations. On the contrary, the previously discussed in-plane (non-Z) components of orientation vectors determined with EBSD are least sensitive to long-range compatible fields and, accordingly, most indicative of strain-induced dislocation substructure.
Choice of scalar measure for lattice curvature determined with EBSD
The dislocation density tensor, with Eq. (10) and identity (11) kept in mind, is expressed as
A mathematically perfect measure of α, unlike expressions (3) and (4), should be proportional to its true scalar invariant as, in particular, the trace
Expression (3) would become scalar invariant (α:α) as well if absolute values of components of α were replaced by their squares, however, it is more convenient to follow (18):
Indeed, the divergence will apply immediately to given orientation data and, besides, automatically exclude issues questionable in treating Eq. (17) . One of them is the curl of ε el that is hardly perceptible with the conventional EBSD; another is the contribution of ω el z least sensitive to lattice defects according to Section 3.1. This component is neglected in Eq. (19) since rotation vectors may be differentiated only in plane XY.
In order to visualize ‖α‖ defined by Eq. (19), one may imagine low-angle boundaries perpendicular to the section plane and respective misorientations (interfacial discontinuities of ω el ). In case of such a virtual structure the considered characteristic will discard tilt components of misorientation vectors parallel to boundary planes, while revealing twist components normal to these planes. It is pertinent to remark, following [15] , that just the latter components are geometrically independent on plastic strains though induced by corresponding plastic rotations. In what concerns plastic strains, as shown in [15] , related tilt misorientations across some interfaces always appear together with stress sources (plastic incompatibilities) at other interfaces. Hence ‖α‖, defined by (19) and derived at interfaces normal to the section plane, are indicative of low-angle boundaries while discarding their dislocation constituents responsible for internal stresses.
Implementation of discrete gradient in processing EBSD data
The above-considered equations of continuum mechanics involve the conventional gradient, as well as related curl and divergence operations, which apply to infinitesimal surroundings of a material point. At the same time, EBSD data correspond to a large array of isolated diffracting domains often called points because their dimensions are very small as compared to their spacing. Therefore, a question arises of how to derive the local gradient of an unknown continuous field from discrete data contained in a cluster of data points. Obviously, with the best implementation of discrete gradient, corresponding nodal values of the underlying field should be most close to the given discrete data in terms of the mean square deviation. It is desirable, as well, that one could readily vary dimensions of the considered cluster in order to find an appropriate compromise between spatial resolution and noise reduction. Based on the gradient matrix formulation [13, 19] satisfying the above-mentioned requirements, the gradient of elastic rotation may be expressed in terms of determined vectors as where m, n = 1, 2, 3, …; g m is a partial gradient vector for data point number m located relative to the central point of the considered cluster by vector r m . Existence of an inverse tensor in expression (20) for g m is ensured , following [19] , if involved data points r n are not all coplanar in 3D or collinear in 2D. To keep the problem tractable when 3D vector data are determined over a 2D domain, as is the case for EBSD, one should ascribe the same data to a virtual area parallel to the original domain and slightly drifted from the latter in the normal direction [13] . Based on expressions (20) , definition (19) for a scalar measure of α is extended as
that is easy to derive from discrete EBSD data on any cluster of separated points.
When making use of (20) by discrete expression (21) for a measure of Nye's tensor, it is also pertinent, following (10) and (17) , to get similar expressions for the tensor as such: 
Verification of curvature measure with EBSD data
In order to distinguish inhomogeneous lattice orientations, this section considers rotation vectors relative to the average orientations of respective grains. In a sense, this mimics HR EBSD [8, 9, 11] where a reference (most perfect) diffraction pattern should be selected for each grain. High-angle boundaries of the three analyzed grains [13] are revealed with a tolerance angle of ten degrees. Component ω z of inhomogeneous rotations presumably less sensitive to lattice defects is addressed first. A map of ω z in Figure 2A displays no substructure, as expected, however, the effect of interaction between whole grains remains visible. Specifically, the image evidences for a wedge junction disclination [13, 20] parallel to axis Z that has a characteristic long-range field of elastic rotation monotonically changing inside each grain in traveling around the triple line by a circular contour Γ. Indeed, such a behavior corresponds to the shading that notably tends to lighten in the counter-clockwise direction. For a more accurate analysis, ω z should be checked at successive data points most close to the considered contour. Despite some scatter, the related azimuth dependence in Figure 2B apparently confirms presence of a wedge disclination that has a rotation vector of about 3° in magnitude displayed by the total increase of continuously distributed ω z . It is worth noting that we consider inhomogeneous orientations apart from respective mean terms of whole grains and, hence, arrows for inter-granular misorientations θ i (i = 1, 2, 3) in Figure 2B are merely illustrative. At the same time, the summarized non-zero mismatch of the latter as accommodated in grain volumes remains an objective characteristic. Although it is hard to conclude with confidence whether the data scatter in Figure 2B is due to noise of measurement or to dislocation substructures, in the latter case dislocation boundaries, if any, should have misorientation angles within half a degree.
A measure ω +ω 2 2 1/2 x y ( ) of in-plane components of rotation vectors, more sensitive to strain induced substructures than ω z , is mapped in Figure 2C . Unlike the above considered long-range rotation field due to the interaction of whole grains, this map displays in the left and upper (right) grains local bright features close to the junction line. Although these features remain smeared, they seemingly reflect higher GND densities owing to more amounts of local plastic strains. Such an assumption finds support in numerical simulation of grain interaction at the same triple junction [21] , where the most intensive plastic accommodation has been found in approximately the same areas. Therefore, with the rotation divergence presumably more indicative of dislocation content, one should anticipate in what follows the most distinct substructure images in the left and upper grains. Dim signs of extended low-angle boundary in Figure 2C (left grain) deserve attention as well.
In order to reveal a dislocation substructure, a measure of α defined by Eq. (19) and derived from discrete EBSD data with Eq. (21) has been mapped in Figure 3A -C, where insertions show data points involved in the local gradient calculation (spacing is grossly exaggerated) and shading bars indicate a range of ‖α‖ imaged by gradations of gray. The map in Figure 3A derived with a smaller differentiation domain (7 points) and imaging the curvature between ‖α‖ = 0°/μm (black) and ‖α‖≥1°/μm (white) proves to be rather noisy that is not surprising with a limited angular accuracy of the conventional EBSD. At the same time, a diffusive dark trace of a dislocation boundary appears extending from the junction line into the left grain. Besides, there are domains separated by relatively dark layers in the left and upper grains, as expected. These objects reminiscent of dislocation cells may be indicated only with some good will of course. To reduce noise, a greater differentiation domain (13 points) has been applied with the same curvature range. The most notable object in the resulting map ( Figure 3B) is the low-angle boundary mentioned above. An alternating contrast and characteristic small meanders along its trajectory implicitly reveal background dislocation cells, although weak appearance of disconnected cell-like contours, except for the right lower grain, may be recognized directly as well. An apparent "splitting" of the interface between the upper and lower grains in Figure 3B and C, as well as somewhat rough appearance of other two high-angle boundaries, is most probably due to an enlarged differentiation domain (cluster) that overlapped neighboring grains when its central point was close to them.
As the previous image still remains noisy, a threshold level for ‖α‖ has been elevated up to 0.5°/μm while keeping the same differentiation domain and width of ‖α‖ range. In the resulting map ( Figure 3C ) the dislocation boundary originated at the triple line and propagating into the left grain, as well as cells in its background, become more distinct. Moreover, the imaged curvature magnitude across the considered boundary and its thickness allow one to estimate the related misorientation angle by about half a degree. The latter together with a particular origination place and morphological features of this interface make Figure 3C rather similar to TEM images of fragment (cell block) boundaries [22, 23] at early stages of the grain fragmentation. Since the three grain boundaries and, hence, the low-angle boundary emitted from the triple line are perpendicular to the section plane [13] , as in the model structure discussed in Section 3.2, only in-plane twist components of respective misorientations should be imaged in Figure 3C . At the same time, the emitted boundary should entrain from the junction a part of disclination [22] that has a wedge rotation vector normal to the section plane in our case. The corresponding misorientation part might be recognized in the map of ω z with a local shading contrast (Figure 2A , left grain) that is relatively weak, however, as long-range elastic fields also contribute to this rotation component.
One cannot resist noting that Figure 3 , when considered in opposite order (C to A), resemble metallographic images of the same repeatedly etched section. This analogy is not at all incidental since both the chemical and our computational treatments reveal lattice defects. Moreover, just flexibility of the proposed method in variation of the computation procedure eventually made it possible to restore rather subtle boundaries from raw orientation data. To sum up, despite a common opinion [10] , the conventional EBSD with an appropriate approach to data processing allows one to image and quantify fuzzy low-angle boundaries formed at low strains. Presumably, HR EBSD data of higher accuracy would enable the proposed measure of crystal curvature to discern even more weak substructures.
Concluding remarks
Various measures of crystal curvature expressed in terms of discrete orientation data in order to reveal the dislocation substructure have been analyzed with allowance for the free surface effect. Based on this analysis and then verified on a triple grain junction in a low deformed IF steel, 2D divergence of lattice rotation vectors determined in the considered section plane proves to be most indicative of the dislocation content. Such a measure, even when derived from the conventional EBSD data of limited accuracy, allows one to image and quantify dislocation boundaries with misorientation angles of about half a degree, while dimly indicating more subtle cell boundaries by disconnected contours. Besides, with no differentiation, the underlying variable part of in-plane rotation vectors enables distinct mapping of inhomogeneous plastic strains on the grain scale.
At first sight, the extraordinary angular accuracy of up-to-date HR EBSD diminishes value of the present work aimed to reveal most subtle substructures by appropriate post-processing of raw orientation data. However, the HR EBSD technique is still very time-consumptive and hence making use of the considered approach with the conventional EBSD orientations remains quite practicable. Moreover, higher precision of measured quantities in no way reduces their objective dependence on inevitable artifacts (e.g. the free surface) but makes this issue in a sense more deceptive. Meanwhile, the proposed curvature measure should isolate the latter and exclude related misinterpretations of HR EBSD data.
Apart from crystal orientations, it would be interesting to combine the discrete gradient formalism employed in this work with the principal advantage of HR EBSD that is ability to determine elastic strains indicative of internal microscopic stresses. Apparently, the gradients of elastic strain must be more sensitive to in-grain stress singularities (dislocation pileups, slip bands, etc.) than underlying strains as such, and Kröner's incompatibility η = ∇ × ε el × ∇ = -∇ × ε pl × ∇ appears to be most relevant in this regard [24] . In terms of the present paper the extension of η to discrete elastic strains, measurable with the HR EBSD, takes on a rather simple form 
where data points of a single cluster, related to the left sum, serve as centers for the same number of overlapping clusters separately treated with the right sum.
